The kinetics of photoinduced processes in the hydrogen bonded complex between N-methyl-3-hydroxynaphthalimide and 1-methylimidazole was studied in a wide temperature range in ethyl acetate and glycerol triacetate. The proton transfer within the excited complex was found to be very fast because of its negligible activation energy. The fairly intense dual Ñuorescence was assigned to hydrogen bonded and solvent separated ion pairs. Kinetic parameters for the various deactivation pathways of these excited species were derived from the combined analysis of the steady-state and the time-resolved Ñuorescence results. The Arrhenius pre-exponential factor of the transition from the solvent separated into the hydrogen bonded ion pair proved to be more than two orders of magnitude larger in glycerol triacetate compared with that in ethyl acetate, whereas the other processes showed less viscosity dependence. The radiationless energy dissipation rate of the hydrogen bonded ion pair was insensitive to the experimental conditions. However, thermal enhanced internal conversion was observed for the solvent separated ion pair.
Introduction
It is well known that photoexcitation signiÐcantly enhances the acidity of hydroxyaromatic compounds.1,2 The dynamics of the proton transfer from the excited molecule to solvent3h6 or cluster of proton acceptors7h9 have received widespread interest. However, much less attention has been devoted to the mechanistic details of the processes following the light absorption of hydrogen bonded complexes. Despite the fundamental importance of hydrogen bonding, for example in biological systems, molecular recognition and construction of large supramolecular architecture, it is not fully understood how the structure and the properties of the constituents and the media govern the various relaxation pathways of the excited hydrogen bonded complexes.
Di †erent types of deactivation mechanisms were suggested for the excited complexes containing pyridine derivatives and aliphatic amines as the hydrogen bond acceptor component. Picosecond laser photolysis measurements on the complexes of 1-pyrenol with pyridine derivatives in hexane showed that the local excited state decays rapidly with time constant ca. 10 ps without producing any detectable long-lived intermediates.10h12 Mataga et al. have concluded that coupled electron and proton displacement in the hydrogen bonded complex facilitates the charge transfer interaction between the two conjugate p-electronic systems and induces ultrafast excited state relaxation.10h12 The fact that the Ñuorescence of 1-naphthol in the presence of pyridine is quenched completely even in a rigid glass13 at 77 K is probably due to this type of deactivation process as well. In contrast, hydrogen bonded complexes of hydroxyarenes with aliphatic amines exhibit totally di †erent behavior. Although they barely emit in Ñuid media around room temperature, Ñuorescence can be observed from the proton transferred species at low temperature.14,15 It is well established that photoinduced proton transfer from hydroxyarene to aliphatic amine is the primary process but the details of the subsequent reactions have not been clariÐed yet. The lack of systematic studies on the kinetics of the processes following the photoinduced proton transfer stems mainly from (i) the loss of Ñuorescence above ca. 200 K, (ii) the very similar characteristics and (iii) the large overlap among the spectra of contact, solvent separated and free ion pairs. 15 We have recently shown that the hydrogen bonded complexes of hydroxynaphthalimides with imidazole and pyrazole exhibit unique behavior. 16 Their photoexcitation leads to fairly intense dual Ñuorescence in moderately polar solvents at room temperature. In the present studies, we exploit the special Ñuorescent characteristics of the hydrogen-bonded complex between N-methyl-3-hydroxynaphthalimide and 1-methyl-imidazole (Scheme 1) to examine the e †ect of temperature and viscosity on the dual Ñuorescence. To the best of our knowledge, this is the Ðrst time when the kinetics of processes following the photoinduced proton transfer within a hydrogen-bonded complex has been fully revealed in a wide temperature range.
The results on the photoinduced proton transfer and the subsequent ion pair separation in a phenolÈimidazole type hydrogen bonded complex may contribute to the deeper understanding of the processes undergoing in proteins and peptides. Hydrogen bonded complexes of carboxylic acids with 1-alkylimidazoles have received considerable attention17h20 because they are excellent models of the active site of chymotrypsin. Hydrogen bonding between the phenol moiety of tyrosine and the imidazole group of histidine plays important role in the function of photosystem II in green plant photosynthesis.21 Results and discussion I. Steady-state measurements Addition of N-methylimidazole (MIm) to a solution of 3HONI in ethyl acetate results in a characteristic change in the absorption spectrum (Fig. 1) . The red shift of the longwavelength band and the clear isosbestic points at 335.5, 345.5 and 384.5 nm indicate 1 : 1 hydrogen-bonded complex formation. From the absorbances measured in the absence and the presence of MIm and A, respectively) at a particular wave-(A 0 length (j), the equilibrium constants of hydrogen bonding (K) can be determined using the following relationship : 23
Experimental
where is the ratio of the molar absorption coefficients (e C /e A ) j for the complexed and free 3HONI. The insert in Fig. 1 demonstrates that plotting the left-hand side of the function against gives good linear correlation. From the inter-(A 0 /A) j cepts 27 M~1 is obtained for the hydrogen bonding equilibrium constant. Similar behavior is found in a much more viscous and slightly more polar24 solvent such as glycerol triacetate. In this solvent the average value of K calculated from the data measured at di †erent wavelengths is 24 M~1. The fairly high values of the equilibrium constant ensure that the most of 3HONI is hydrogen bonded in the presence of 0.155 M MIm, and using 405 nm excitation light we can completely avoid emission originating from the uncomplexed 3HONI. In a previous paper16 we have shown that the Ñuorescence maximum of 3HONI is at 411 nm. Since no emission can be detected below ca. 460 nm (Fig. 2) , we can rule out interference from unbounded 3HONI.
We have recently found16 that light absorption of the 3HONIÈMIm hydrogen bonded complex (HB) leads to dual Ñuorescence in solvents of medium polarity. Fig. 2 presents representative spectra in ethyl acetate and glycerol triacetate. The large Stokes-shift indicates that the structure of the emitting species signiÐcantly di †ers from that of the ground state complex. It is well established that the charge density on the phenolic oxygen is reduced in the excited state and spread over the aromatic part of the molecule. This kind of electron displacement makes 3HONI much more acidic in the singlet excited state than in the ground state and causes a proton shift along the hydrogen bond in its MIm complex. Thus, the emission in the 480È600 nm spectral domain is assigned to excited hydrogen bonded ion pair (HBIP) which is formed in the ultrafast proton transfer from the HO-moiety of naphthalimide to the imidazole ring. The Ñuorescence band, which appears at higher wavelength, resembles that of the naphtholate anion of 3HONI, therefore, this band is attributed to solvent separated ion pair (SSIP). In this species the hydrogen bond is broken, each ion is fully solvated and Coulomb attraction ensures that the radical pair does not separate into the bulk of the nonpolar medium. Fig. 2 demonstrates that the superimposition of the two bands can be resolved by assuming Gaussian shape for the spectral components. The results of the non-linear leastsquares Ðt of the Ñuorescence spectra recorded at various temperatures in ethyl acetate and glycerol triacetate are summarized in Tables 1 and 2 , respectively. The Ñuorescence maximum of the HBIP is scarcely sensitive to the temperature but cooling decreases the half-width of the peak. In contrast, signiÐcant blue shift and broadening is observed with decreasing temperature for the SSIP emission. These e †ects are attributed to the deceleration of the solvent relaxation at low Hydrogen bonded ion-pair Solvent separated ion-pair temperature because more pronounced change occurs in glycerol triacetate whose viscosity shows larger temperature dependence. In addition to the spectral displacements, marked Ñuorescence intensity enhancement can be observed for both bands when the temperature is lowered (Fig. 3) . The Ñuores-cence yields given in Tables 1 and 2 clearly show monotone increase. However, the logarithm of the Ñuorescence yield ratio of the SSIP and the HBIP emissions (U(SSIP)/U(HBIP)) goes through a maximum in the function of the reciprocal temperature. The data given in Fig. 4 closely resemble the StevenÈBan plot that is derived for exciplex formation25 suggesting that the transition between HBIP and SSIP in the excited state is a reversible process, as is shown in Scheme 2. and are the rate constants of the separation and the k S k R recombination of the hydrogen bonded ion pair, and k f k f @ describe the rate constants of Ñuorescence emission, and k nr denote the non-radiative deactivation rate constants ; k nr @ unprimed and primed quantities refer to the hydrogen bonded (HBIP) and the solvent separated (SSIP) ion pairs, respectively. Based on the reaction scheme, the Ñuorescence yields are given by
The radiative rate constants are usually considered temperature independent because the refractive index change with temperature causes much smaller e †ect than the temperature dependence of the nonradiative processes. Therefore, the increase of the Ñuorescence yield ratio with decreasing temperature is attributed to the deceleration of the ion pair recombination and/or the radiationless deactivation of the excited SSIP. At low temperature, the separation of the hydrogen bonded ion pair becomes dominant and the decline in U(SSIP)/U(HBIP) is due to the diminishing rate of this Table 2 Temperature dependence of the dual emission of 3HONIÈMIm complex in glycerol triacetate, maxima half-widths (HW), Ñuores-(l6 max ), cence yields and Ñuorescence decay parameters (j) (U F )
Hydrogen bonded ion-pair Solvent separated ion-pair a Too large to be measured precisely. Tables 1 and 2. process. Although the characteristic temperature dependence presented in Fig. 4 seems to be similar to the StevenÈBan plot of the exciplex to monomer Ñuorescence quantum yield ratio,25 the usual kinetic treatment of this type of experimental data26,27 can not be applied because not only the interconversion between HBIP and SSIP is temperature dependent but also the non-radiative deactivation of SSIP (vide infra).
II. Studies in glycerol triacetate glass at 77 K
The emission at long wavelength disappears in organic glass at 77 K and only one band is observed in the Ñuorescence spectrum ( Fig. 5) which is attributed to the hydrogen bonded ion pair. The rigidity of the medium prevents the solvent separated ion pair formation. The large Stokes-shift indicates that photoinduced proton displacement along the hydrogen bond can take place readily even in low temperature rigid 
III. Time-resolved measurements
In order to gain deeper insight into the mechanism and the kinetics of the processes undergoing from the excited states, we carried out time-resolved Ñuorescence measurements. Fluorescence decays of HBIP and SSIP were monitored at 550 and 650 nm, respectively. The Ñuorescence intensity vs. time (I(t)) could be well described with double exponential function :
where are the decay parameters and denote the j 1 , j 2 C 1 , C 2 amplitudes. The short-lived decay component at 550 nm corresponded to the rise of the Ñuorescence recorded at 650 nm, whereas the long-lived components agreed at both wavelengths. The temperature dependence of the Ðtted values j 1 , j 2 is given in Tables 1 and 2 . The substantial overlap between the Ñuorescence of HBIP and SSIP prevented the derivation of kinetic information from the amplitude ratios (C 2 /C 1 ). Based on Scheme 2, the decay parameters are deÐned by :
where
The results presented in Fig. 4 suggest that the back formation of HBIP from SSIP in the excited state is fairly slow below 283 and 206 K in glycerol triacetate and ethyl acetate, respectively. Consequently, in these temperature 4k S k R @ (X [ Y )2 ranges and eqn. (6) can be reduced :
It is evident from the data shown in Tables 1 and 2 
Fitting eqn. (9) to the experimental data below 206 and 283 j 2 K in glycerol triacetate and ethyl acetate, respectively, gives the activation energy and the preexponential factor E \ E nr @ for the radiationless deactivation of SSIP, whereas A \ A nr @ the C parameter represents its radiative rate constant (C \ k f @). When eqn. (9) is Ðtted to the values in the low temj 1 perature domain, C refers to the sum of the rate constants of the radiative and the non-radiative processes depopulating the excited HBIP and the Arrhenius parameters (C \ k f ] k nr ) characterize the solvent separated ion pair formation. The quantity does not show solvent dependence and k f ] k nr agrees with the reciprocal Ñuorescence lifetime in glycerol triacetate at 77 K (vide supra). The calculated quantities are listed in Table 3 .
IV. Kinetic and thermodynamic parameters
As the time-resolved studies indicate that not only the reversible transition between HBIP and SSIP is temperature dependent but also the nonradiative deactivation of SSIP, eqn. (4), leads to the following expression :
If we use the kinetic parameters determined from the Ñuores-cence decay measurements at low temperature, there are only three unknown quantities in this relation : the rate constant of HBIP Ñuorescence and the Arrhenius factors of (k f ), (A R , E R ) the back formation of HBIP. These quantities were determined by Ðtting eqn. (10) to the temperature dependence of ln(U(SSIP)/U(HBIP)). It is apparent from Fig. 4 that the calculated functions describe well the experimental data. The derived kinetic parameters are summarized in Table 3 together with the enthalpy (*H) and entropy change (*S) in the reversible transition between HBIP and SSIP. The latter quantities were calculated using the following equations :
When HBIP is transferred into SSIP, the solvation of the ions is increased with corresponding reduction of interionic Coulomb attractions. The considerable gain in enthalpy in the course of the solvation leads to negative *H. Despite the similar dielectric constants of ethyl acetate and glycerol triacetate, large di †erence was found between the *H values measured in these solvents indicating that the dielectric continuum model does not describe satisfactorily the solvation energy of the ion pairs. The strongly negative *S suggests that the entropy decrease connected with the solvate shell reorganization plays the dominant role.
The dynamics of excited state ion-pairing of 2-naphtholate salts have been studied in solvents of medium polarity and the exchange rate constants between excited contact and solvent separated ion pairs were found to be about 2 ] 107 s~1 in tetrahydrofuran at room temperature. 28 Our results clearly demonstrate that these types of rate constants are strongly temperature and viscosity dependent. The relative magnitude of the Arrhenius parameters controls that the decrease of the thermal energy favors contact or solvent separated ion pair formation at a certain temperature. Cooling slows down the back formation of HBIP and hereby, stabilizes SSIP in the high temperature domain, whereas, it hinders the transition from HBIP to SSIP at low temperature.
It is especially noteworthy that among the kinetic parameters the A-factor of the SSIP ] HBIP process exhibits the most substantial di †erence in the two solvents used in this study. The large found in glycerol triacetate reÑects the A R , complex nature of this quantity. As Saltier 
These equations clearly demonstrate that the viscosity of ethyl acetate is much lower than that of glycerol triacetate and remains small over the entire temperature range. The activation energy of viscous Ñow in eqn. (14) kJ mol~1) is (E g \ 7.4 signiÐcantly lower than and in ethyl acetate (Table 3 ). E S E R Therefore, viscosity does not play dominant role in determining the kinetics of the processes in this non-viscous solvent. On the contrary, the increase of the Arrhenius parameters in glycerol triacetate stems completely from the more restricted mobility within the solvate shell.
Many factors inÑuence the kinetics of the interconversion between HBIP and SSIP. Coulombic interionic interactions must be considered in competition with ionÈsolvent dipole interactions. The transformation of SSIP into HBIP involves particularly substantial rearrangement of the solvent cage : (i) the solvent molecules escape from the space between the ions, and (ii) the decrease of the interion distance leads to cancellation of the orienting inÑuence of the ions on the solvent shell. The solvent molecules are less ordered and weaker bounded around the HBIP compared to SSIP. Hence, the SSIP ] HBIP process has large activation entropy, which explains the high frequency factor of the reaction. The ca. (A R ) two orders of magnitude smaller A-factor of the HBIP ] SSIP reaction in ethyl acetate arises from the lower activation (A S ) entropy of this process. These facts seem to indicate that the structure of the transition state resembles more that of the HBIP. Also the relatively low suggests that the hydrogen E S bond is not completely cleaved in the transition state because Table 3 Kinetic and thermodynamic parameters the hydrogen bonding strength in the excited HBIP is expected to be higher than the activation energy of the solvent separated ion-pair formation in ethyl acetate kJ (E S \ 14.6 mol~1). FTIR and NMR spectroscopic measurements showed17h20 that strong, low-barrier hydrogen bond links MIm to a carboxylic acid of about 2.1. For example, 51.5 pK a kJ mol~1 was reported17 for the enthalpy of complex formation between MIm and dichloropropionic acid in (pK a \ 2.06) As the of the singlet excited 3HONI is close to CHCl 3 . p K a * that of dichloropropionic acid,31 the hydrogen bond is probably strong in the excited 3HONIÈMIm hydrogen bonded ion pair as well.
In accordance with the expectations, the radiative and the internal conversion rate constants for HBIP are insensitive to the experimental conditions. Our results show that steadystate Ñuorescence measurements are not sufficient to reveal the mechanistic details of the deactivation kinetics. Timeresolved studies proved that the internal conversion of the excited solvent separated ion pair has temperature dependent rate. The e †ect is interpreted in terms of a thermal population of vibrationally active deactivating mode. As the excitation energy of SSIP is dissipated to the surrounding molecular bath, it is not surprising that the viscosity a †ects the activation energy of this process. The factors obtained in this A nr @ work are similar to the value reported for the temperature dependent internal conversion of 2-methoxyÑuorenone in toluene (3.9 ] 1010 s~1).32
